by  William  E.  Howell 

Laugh 
Hampton,  V a.  23665 


1  Report  No.  2.  Government  Accession  No. 

NASA  TM  X-2852 _ _ _ 

4.  Title  and  Subtitle 

AN  EXPERIMENTAL  INVESTIGATION  OF  THE  DAMPING 
CONTRIBUTION  OF  AN  ELASTOMERIC  ABLATOR  ON 
ALUMINUM  BEAMS _ _ _ _ 

7.  Author(s) 

William  E-  Howell 

9.  Performing  Organization  Name  and  Address 

NASA  Langley  Research  Center 
Hampton,  Va.  23665 

12.  Sponsoring  Agency  Name  and  Address 

National  Aeronautics  and  Space  Administration 
Washington,  D.  C.  20546 

15.  Supplementary  Notes 


3.  Recipient's  Catalog  No. 

5.  Report  Date 

April  1974 _ _ 

6.  Performing  Organization  Code 

8.  Performing  Organization  Report  No, 

L-8713 _ 

10.  Work  Unit  No. 

502-31-50-01 

11.  Contract  or  Grant  No. 


13.  Type  of  Report  and  Period  Covered 

Technical  Memorandum 

14.  Sponsoring  Agency  Code 


16.  Abstract 


Damping  results  are  presented  for  an  elastomeric  ablation  material  bonded  to  an 
aluminum  alloy  substrate.  Tests  were  conducted  on  aluminum  beams  0.159,  0.318,  and 
0.476  cm  thick,  with  and  without  an  ablator.  Ablation-material  thickness  varied  fiom 
0.159  to  0.953  cm.  Comparative  damping  data  were  obtained  by  using  variations  of  the 
free-free  beam  technique  with  strain  gages  and  piezoelectric  transducers.  Of  the  two 
test  arrangements  employed,  the  technique  using  strain  gages  produced  results  that 
indicated  less  restraint  of  the  beams.  Ablation  material,  in  thicknesses  less  than  1  cm, 
substantially  increased  the  damping  parameter  of  the  aluminum  beams. 


17.  Key  Words  (Suggested  by  Author(s) ) 
Damping 

Elastomeric  ablator 
Heat  shield 


19.  Security  Classif.  (of  this  report) 

Unclassified 


18.  Distribution  Statement 


Unclassified  —  Unlimited 


20.  Security  Classif.  (of  this  page) 
Unclassified 


STAR  Category  18 

21.  No.  of  Pages  22.  Price* 

21  $3.00 


For  sale  by  the  National  Technical  Information  Service,  Springfield,  Virginia  22151 


AN  EXPERIMENTAL  INVESTIGATION  OF  THE 
DAMPING  CONTRIBUTION  OF  AN  ELASTOMERIC  ABLATOR 
ON  ALUMINUM  BEAMS 


By  William  E.  Howell 
Langley  Research  Center 

SUMMARY 

Damping  results  are  presented  for  an  elastomeric  ablation  material  bonded  to  an 
aluminum  alloy  substrate.  Tests  were  conducted  on  aluminum  beams  0. 159,  0.  318,  and 
0.  476  cm  thick,  with  and  without  an  ablator.  Ablation-material  thickness  varied  from 
0. 159  to  0. 953  cm.  Comparative  damping  data  were  obtained  by  using  variations  of  the 
free-free  beam  technique  with  strain  gages  and  piezoelectric  transducers.  Of  the  two 
test  arrangements  employed,  the  technique  using  strain  gages  produced  results  that 
indicated  less  restraint  of  the  beams.  Ablation  material,  in  thicknesses  less  than  1  cm, 
substantially  increased  the  damping  parameter  of  the  aluminum  beams. 

INTRODUCTION 

A  considerable  amount  of  work  has  been  done  in  developing  and  testing  low-density 
ablation  materials  for  thermal  protection  of  reentry  spacecraft  (refs.  1  to  4).  The 
dynamic  mechanical  response  of  ablative  heat  shields  of  Earth  reentry  vehicles  used  to 
date  (Apollo,  Gemini,  and  Mercury)  has  not  been  important,  since  the  heat  shields  were 
attached  directly  to  small  stiff  structures.  Large  lifting-body  reentry  vehicles  such  as 
the  space  shuttle,  however,  may  use  panels  of  sufficient  size  to  require  a  better  under¬ 
standing  of  the  damping  characteristics  of  ablative  heat-shield  materials.  In  cases  where 
the  predicted  aero  elastic  response  of  a  panel  may  be  near  critical,  an  accurate  knowledge 
of  the  damping  contributed  by  the  ablator  may  increase  the  flutter  margin  sufficiently  so 
that  increased  panel  stiffness,  and  hence  added  weight,  would  be  unnecessary. 

In  investigations  of  viscoelastic  material  damping  described  in  the  literature,  the 
cantilever  beam  (refs.  5  and  6)  and  the  free-free  beam  (ref.  7)  methods  have  been  used. 


The  cantilever  beam  method  has  several  disadvantages  in  that  a  heavy,  complex  clamping 
fixture  is  required  to  obtain  the  proper  boundary  conditions,  and  metal  must  be  substi¬ 
tuted  for  the  elastomer  within  the  clamp.  Conversely,  the  fixture  required  to  suspend 
the  beam  in  a  free-free  condition  is  relatively  simple.  Therefore,  the  free-free  beam 
method  was  chosen  for  this  investigation. 

The  objectives  of  this  investigation  were:  (1)  to  develop  a  simple  experimental 
apparatus  and  technique  for  measuring  the  fundamental  frequency  and  damping  of  beams 
mounted  in  a  free-free  condition,  (2)  to  measure  the  damping  of  aluminum  and  aluminum- 
ablator  composites,  and  (3)  to  evaluate  the  contribution  of  the  ablation  material  to  beam 
damping. 


SYMBOLS 

Aj  peak-to-peak  oscilloscope  trace  amplitude,  cm 

Ag  a  second  peak-to-peak  oscilloscope  trace  amplitude,  Ai/e,  cm 

D  distance  between  A^  and  A2  along  the  longitudinal  axis  of  the  oscilloscope 

trace,  cm 

e  base  of  natural  logarithms 

F  fundamental  frequency,  Hz 

N  number  of  cycles  of  vibration  between  Ai  and  A2 

S  oscilloscope  sweep  time,  sec/cm 

TEST  SPECIMENS 

The  dimensions  of  aluminum  alloy  (2024-T4)  and  composite  rectangular  beams  of 
aluminum  and  ablator  used  in  this  investigation  are  shown  in  table  I.  Both  clean  aluminum 
and  composite  beams  of  all  combinations  of  aluminum  and  ablator  thicknesses  shown  in 
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the  table  were  tested.  The  ablation  material  (E4A1)  was  composed  of  75  percent 
silicone- elastomeric  resin,  10  percent  phenolic  microspheres,  11  percent  silica  micro¬ 
spheres,  and  4  percent  silica  fibers.  It  had  a  nominal  density  of  640  kg/nr*. 

After  the  aluminum  beams  were  tested  in  the  clean  configuration,  a  layer  of 
ablation  material  0.  953  cm  thick  was  bonded  with  room-temperature  vulcanizing  silicone 
rubber  to  one  side  of  each  beam.  A  layer  of  ablation  material  was  removed  after  each 
set  of  tests  to  obtain  the  thinner  composite  beam  specimens. 

TEST  PROCEDURES 

Two  types  of  test  techniques  were  employed.  In  the  first,  a  small  electromagnetic 
shaker  was  used  to  excite  the  beam  and  a  piezoelectric  transducer  was  used  to  detect  the 
vibration.  The  tests  employing  this  technique  are  referred  to  herein  as  "transducer 
tests. "  In  the  second,  the  beam  was  excited  by  striking  it  near  the  center  and  the 
response  was  detected  through  strain  gages  bonded  to  the  beam.  Tests  employing  this 
technique  are  referred  to  herein  as  "strain-gage  tests. " 

Transducer  Tests 

The  beams  were  supported  at  the  fundamental  nodal  points  by  cotton  thread.  An 
electromechanical  shaker  and  a  piezoelectric  transducer  were  attached  to  the  beam 
through  a  small  wire  bonded  to  the  beam  with  sealing  wax,  as  shown  in  figure  1.  An 
audio -oscillator  was  used  to  control  the  shaker.  The  transducer  signal  was  fed  into  a 
frequency  counter,  an  oscilloscope,  and  an  ammeter.  The  audio -oscillator  signal  was 
used  to  drive  the  oscilloscope  sweep  axis.  The  frequency  of  the  audio -oscillator  was 
varied  until  a  lissajous  ellipse  was  observed  on  the  oscilloscope.  The  resonant  frequency 
was  taken  at  the  point  where  maximum  amplitude  response  was  obtained  on  the  ammeter. 
The  input  to  the  shaker  was  cut  and  the  oscilloscope  trace  of  the  freely  damping  beam  was 
photographed.  Several  photographs  of  the  oscilloscope  trace  were  taken  for  each  beam. 
Measurements  were  made  from  enlarged  photographs  of  each  trace,  and  the  logarithmic 
decrement  (damping  parameter)  was  calculated. 

In  this  investigation,  the  individual  cycles  of  vibration  were  not  discernible  (fig.  2); 
therefore,  the  logarithmic  decrement  was  obtained  by  the  following  procedure.  First  an 
arbitrary  response  amplitude  Aj  was  measured  on  the  photograph.  Then  this  amplitude 
was  divided  by  the  natural-logarithm  base  e  to  obtain  a  new  amplitude  A2.  The 
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location  of  A2  on  the  oscilloscope  trace  (damping  horn)  was  marked  and  the  distance 
between  A\  and  A2  was  determined.  From  these  data,  the  number  of  cycles  of 
vibration  between  A\  and  A2  was  calculated  by  the  equation 

N  =  FSD 

The  logarithmic  decrement  is  the  reciprocal  of  N.  The  average  logarithmic  decrement 
value  for  each  beam  is  listed  in  table  II. 

The  composite  beams  were  tested  in  the  same  manner  as  the  clean  beams.  The 
composite  beams  with  an  ablation-material  thickness  of  0.  953  cm  were  tested  first.  Then 
the  ablation  material  was  machined  to  a  thickness  of  0.  794  cm  and  the  composite  beams 
were  tested  again.  This  procedure  was  repeated  for  the  other  two  ablation-material 
thicknesses  listed  in  table  I. 


Strain-Gage  Tests 

A  pair  of  semiconductor  strain  gages  forming  a  half-bridge  was  bonded  to  the 
center  of  one  side  of  each  of  the  aluminum  beams  as  shown  in  figure  3.  After  being 
mounted  in  the  test  fixture  and  supported  at  the  fundamental  nodal  points  by  cotton  thread 
(figs.  3  and  4),  the  test  specimens  were  excited  by  an  impulse  from  a  solenoid-driven 
striker.  A  signal  generated  by  the  strain-gage  bridge  was  fed  into  an  oscilloscope  and 
the  trace  was  photographed.  Theoretically,  the  striker  impulse  will  excite  all  modes  of 
vibration  of  the  beam,  but  all  modes  higher  than  the  fundamental  damp  out  in  several 
cycles  and  the  trace  then  appears  to  be  a  smooth,  decaying  sine  wave.  Two  photographs 
were  required  for  each  data  point:  one  with  the  oscilloscope  sweep  time  adjusted  to 
display  a  distinct  sine- wave  trace  for  determining  the  fundamental  frequency,  and  one 
with  a  longer  oscilloscope  sweep  time  to  obtain  the  damping  horn.  Several  tests  were 
made  on  each  beam,  and  the  average  values  are  listed  in  table  HI.  The  fundamental 
frequency  and  logarithmic  decrement  were  calculated  by  the  same  method  as  for  the 
transducer  tests. 

After  the  clean  aluminum  beams  were  tested,  a  layer  of  ablation  material  0.  953  cm 
thick  was  bonded  to  the  clean  side  of  each  of  the  beams.  These  composite  beams  were 
tested  and  consecutively  machined  to  the  ablator  thicknesses  listed  in  table  I,  as  described 
for  the  transducer  tests. 
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It  is  shown  in  reference  8  that  a  pressure  of  less  than  1.  31  x  10-3  atmosphere 
(1.33  kPa)  is  required  to  essentially  eliminate  aerodynamic  damping  caused  by  air 
pressure  drag  and  viscosity  effects.  Strain-gage  tests  were  performed  at  a  pressure  of 
1CT3  to  10'4  atmosphere  (100  to  10  Pa)  and  at  1  atmosphere  (100  kPa)  to  determine  the 
magnitude  of  aerodynamic  damping. 

RESULTS  AND  DISCUSSION 

Transducer  Tests 

Average  values  of  the  data  obtained  from  the  transducer  tests  are  listed  in  table  II. 
The  theoretical  fundamental  frequencies  of  the  beams  were  determined  by  using  analytical 
methods  developed  in  reference  9  and  included  the  effects  of  transverse  shear  and  rotary 
inertia.  Figure  5  shows  a  comparison  between  the  theoretical  values  and  the  experi¬ 
mental  data  for  the  clean  aluminum  beams  and  the  composite  beams  with  a  layer  of 
ablator  0. 953  cm  thick.  The  increase  in  stiffness  caused  by  the  attached  shaker  and 
transducer  probably  caused  the  disparity  between  the  theoretical  and  experimental 
frequency  values  of  the  clean  aluminum  beams. 

For  the  composite  beams,  the  theoretical  natural  frequencies  were  calculated  by 
using  the  total  mass  of  the  composite  beams  but  neglecting  ablator  stiffness  and  the  shear 
and  rotary  inertia  effects  of  the  ablator.  Figure  5  shows  good  agreement  for  the  two 
thicker  composite  beams  (0.  318-  and  0.  476-cm-thick  aluminum)  but  significant  deviation 
for  the  thinnest  composite  beam  (0. 159-cm-thick  aluminum). 

Damping  data  are  presented  in  figure  6,  where  the  logarithmic  decrement  is  plotted 
as  a  function  of  ablation-material  thickness.  Straight  lines  have  been  faired  through  the 
data  for  each  of  the  three  aluminum  thicknesses.  The  curves  were  continued  to  the  data 
points  for  the  clean  beams.  The  differences  between  damping  values  of  the  composite 
b earns  and  the  clean  aluminum  beams  show  the  damping  contribution  of  the  ablator.  The 
increase  in  damping  of  the  composite  beams  over  that  of  the  clean  aluminum  beams  was: 

8  to  11  times  for  the  0. 159-cm-thick  aluminum  beams,  5  to  14  times  for  the  0.  318-cm- 
thick  aluminum  beams,  and  5  to  18  times  for  the  0.  476-cm-thick  aluminum  beams.  The 
ablator  thicknesses  used  in  these  tests  are,  in  general,  less  than  actual  thickness 
requirements  for  heat  shields.  The  linear  relationship  of  the  logarithmic  decrement  to 
ablator  thickness,  when  plotted  on  a  semi  logarithmic  scale,  should  give  reasonable 
estimates  of  damping  for  actual  heat-shield  ablator  thicknesses. 
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Strain-Gage  Tests 


Average  values  of  the  data  obtained  from  the  strain-gage  tests  are  listed  in  table  III. 
Figure  7  presents  a  comparison  of  the  theoretical  fundamental -frequency  values  (ref.  9) 
with  the  average  of  the  experimental  values.  For  the  clean  aluminum  beams,  the  two 
sets  of  values  are  in  good  agreement,  indicating  that  the  strain-gage  tests  more  closely 
approach  the  ideal  free -free  beam  condition  than  the  transducer  tests. 

The  theoretical  fundamental  frequencies  of  the  composite  beams  were  calculated 
by  using  the  mass  of  the  composite  beams  but  neglecting  ablator  stiffness  and  the  shear 
and  rotary  inertia  of  the  ablator.  These  frequency  values  were  in  good  agreement  for 
the  two  thicker  sets  of  composite  beams  (0.  318-  and  0.  476-cm-thick  aluminum). 

However,  for  the  thinnest  set  of  beams  (0. 159-cm-thick  aluminum)  the  ablator  stiffness, 
geometry,  shear,  and  rotary  inertia  effects  are  probably  significant. 

Damping  data  obtained  from  the  strain-gage  tests  are  presented  in  figure  8.  The 
results  parallel  those  for  the  transducer  tests,  although  the  logarithmic  decrement 
envelope  is  lower.  These  data  show  that  the  increase  in  damping  of  the  composite  beams 
was:  1.  3  to  18  times  for  the  0. 159-cm-thick  aluminum  beams,  5  to  21  times  for  the 
0.  318-cm-thick  aluminum  beams,  and  4  to  26  times  for  the  0.  476-cm-thick  aluminum 
beams.  The  largest  damping  factor  obtained  in  the  strain-gage  tests  was  26.  This  factor 
was  obtained  for  the  composite  beams  with  a  0. 953-cm-thick  layer  of  ablation  material. 
The  largest  damping  factor  obtained  in  the  transducer  tests  was  18.  The  difference  was 
probably  due  to  the  restraint  added  by  the  attached  transducers  in  the  transducer  tests. 

The  two  sets  of  data  presented  in  figure  8  show  the  contribution  of  aerodynamic 
damping.  This  contribution  was  small  but  discernible  for  the  clean  aluminum  beams  and 
for  the  composite  beams  with  the  thinnest  layer  (0. 159  cm)  of  ablation  material;  however, 
for  the  other  three  sets  of  composite  beams,  aerodynamic  damping  was  insignificant. 

In  order  to  compare  the  transducer  and  strain-gage  test  techniques,  the  logarithmic 
decrements  of  the  clean  beams  are  presented  in  figure  9.  The  values  obtained  in  the 
strain-gage  tests  were  lower  than  those  obtained  in  the  transducer  tests  by  a  factor  of  2. 
This  result  indicates  that  the  clean  aluminum  beams  used  in  the  strain-gage  tests  were 
less  restrained  than  those  used  in  the  transducer  tests. 

In  figure  10  the  experimentally  determined  fundamental  frequencies  for  the  trans¬ 
ducer  and  strain-gage  tests  are  compared  with  the  theoretical  values.  This  comparison 
also  shows  that  the  frequencies  obtained  in  the  strain-gage  tests  agree  more  closely  with 


6 


the  theoretical  frequencies,  an  indication  that  the  beams  in  the  strain-gage  tests  were 
less  restrained  than  those  in  the  transducer  tests. 

The  results  obtained  in  this  investigation  are  for  free-free  beams  and  are  not 
directly  applicable  to  panels.  Further  study  is  required  to  determine  the  damping 
contribution  of  an  elastomeric  ablator  on  panels.  However,  an  increase  in  the  structural 
damping  coefficient  of  the  magnitude  indicated  by  the  results  of  the  present  investigation 
would  add  appreciable  damping  to  large  panels  on  such  vehicles  as  the  space  shuttle. 

CONCLUDING  REMARKS 

An  experimental  investigation  has  been  made  of  the  damping  contribution  of  a 
silicone-elastomeric  ablation  material  bonded  to  an  aluminum  substrate.  Comparative 
data  were  obtained  by  using  variations  of  the  free-free  beam  technique  with  strain  gages 
and  piezoelectric  transducers.  Of  the  two  test  arrangements  employed,  the  technique 
using  strain  gages  produced  results  that  indicated  less  restraint  of  the  beams.  Therefore, 
the  strain-gage  technique  is  recommended. 

The  strain-gage  test  results  showed  that  the  ablation  material  increased  the  damping 
of  the  aluminum  beams  by  a  factor  as  high  as  26.  Damping  contributions  of  this  magnitude 
are  significant  in  increasing  panel  flutter  stability. 

Langley  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Hampton,  Va. ,  December  13,  1973. 
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TABLE  II.-  SUMMARY  OF  RESULTS  OF  THE  PIEZOELECTRIC  TRANSDUCER  TESTS 


Specimen 


Aluminum 

thickness, 

cm 


Ablator 

thickness, 

cm 


Resonant 
frequency  ,a 
Hz 


Logarithmic 

decrement3 


4.93  x  10-3 
5.54  x  10-3 
5.72  x  in-3 


4.46  x  10-2 
4.93  x  lO-2 
5.01  x  10-2 

4.41  x  lO'2 
4.32  x  10-2 

4.36  x  lO"2 

5.53  x  lO’2 
5.76  x  lO'2 

5.36  x  lO'2 


6.52  x  10-2 
6.41  x  lO"2 
5.73  x  lO'2 


1.48  x  10-3 
1.35  x  10-3 
1.35  x  lO'3 


5.95  x  lO"3 
6.60  x  10-3 
6.82  x  10-3 


9.71  x  lO'3 
9.85  x  lO"3 
9.19  x  10'3 


1.65  x  lO"2 
1.62  x  lO"2 
1.59  x  10-2 


1.88  x  10  ‘ 
1.95  x  lO'2 
1.86  x  lO'2 


0.475 

0.0 

1077 

5.04  x  10'4 

0.159 

1011 

2.77  x  lO'3 

.159 

1011 

1.89  x  lO"3 

! 

0.476 

952 

3.13  x  lO'3 

.476 

952 

3.67  x  lO"3 

0.794 

901 

6.85  x  10-3 

.794 

901 

7.72  x  10-3 

0.953 

879 

8.93  x  10-3 

' 

.953 

877 

9.46  x  10-3 

3  Each  resonant  frequency  and  logarithmic  decrement  is  an  average  of  approxi 
mately  three  test  values. 


TABLE  III.-  SUMMARY  OF  RESULTS  OF  THE  STRAIN-GAGE  TESTS 


Specimen 


Aluminum 

thickness, 

cm 


Ablator 

thickness, 

cm 


Resonant 
frequency  ,a 
Hz 


Logarithmic 

decrement 


2.72  x  10-3 
2.40  x  10"3 

3.49  x  10“3 
3.26  x  10“3 

1.74  x  10'2 

1.72  x  10“2 

4.70  x  10~2 
4.47  x  10“2 

6.59  x  10“2 
6.19  x  10“2 

7.98  x  10“4 

6.71  x  10”4 

7.73  x  10‘4 

6.96  x  10~4 

1.37  X  10"3 
1.28  x  10'3 
5.69  x  10“3 
5.44  x  10-3 

4.87  x  10“3 

4.75  x  10"3 

5.34  x  10-3 

5.34  x  10-3 

9.68  x  10'3 
9.46  X  10“3 
1.04  x  10~2 
1,02  x  IQ"2 

1.34  x  10“2 
1.32  x  10"2 

1.76  x  10"2 
1.64  x  IQ"2 

2.96  x  10"4 
3.19  x  10“4 

2.62  x  10'4 

1.14  x  10**3 
8.56  x  10-4 

8.78  x  10"4 

7.74  x  10-4 

2.24  x  IQ"3 
2.21  x  10“3 
1.91  x  10“3 
1.88  x  lO-3 

5.02  x  lO"3 
5.08  x  lO-3 
4.84  x  lO'3 

4.79  x  lO"3 

6.53  x  lO'3 
6.83  X  lO"3 

6.63  x  10"3 
6.53  x  10“3 


Pressure, 

atmb 


1.0 

3.0  x  10-4 

1.0 

2.6  x  lO'4 

1.0 

1.3  X  lO"4 

1.0 

3.7  x  10-4 


1.0 

5.6  x  lO"4 

1.0 

5.3  x  IQ-4 
1.0 

2.6  x  10-4 

1.0 

3.9  x  10“4 

1.0 

2.6  x  lO'4 

1.0 

2.6  x  10'4 
1.0 

5.1  x  10~4 

1.0 

5.4  x  lO"4 
1.0 

3.6  x  10"4 
1.0 

4.3  X  IQ"4 

1.0 

1.0 

5.6  x  10-4 
1.0 

1.3  x  lO'4 
1.0 

2.6  x  10“4 

1.0 

1.3  x  10-4 
1.0 

1.3  x  10“4 

1.0 

7.9  x  10“4 

1.0 

5.7  x  10~4 
1.0 

2.0  x  10-4 

1.0 

2.6  x  10'4 


I 


a  Each  resonant  frequency  and  logarithmic  decrement  is  an  average  of  approximately 
b  l  atm  =  100  kPa. 


three  test  values. 


Figure  1.-  Specimen-mounting  configuration  and  instrumentation 
for  the  piezoelectric  transducer  tests. 


=  amplitude 
A2  =  A1/e 


Figure  2.- 


D  =  Distance,  cm 

L-73-8045 

Composite -beam  damping  trace  showing 
how  D  is  determined. 


Specimen 


Figure  3.-  Specimen-mounting  configuration  and  instrumentation 
for  the  strain-gage  tests. 
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Figure  7.-  A  comparison  of  the  theoretical  and  experimentally  determined 
fundamental  frequencies  for  the  strain-gage  tests. 
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